Electro-mobility is an increasing trend across the globe. In these vehicles, the passive safety has new and rather specific aspects. Some requirements for passive safety of parts of electric buses have already been set out in the UN/ECE 100.2 regulation. The REESS (Rechargeable Energy Storage System) poses a considerable risk in the event of a collision between a battery-powered electric bus and a massive barrier. Since the testing required for the vehicle approval is very costly, one can expect computer simulations in this field to flourish. This is the task with which authors of this paper have dealt in relation to the development of SKODA battery-powered buses.
Introduction
The present paper discusses the passive safety of electric buses. Electric buses use a rather specific structural subsystem: the REESS (Rechargeable Energy Storage System), the source of electric power. In a collision between an electric bus and another heavy object, REESS poses a substantial safety risk. This study explores the strength of the REESS and adjacent parts of the structure using FEM simulations. The simulations are complemented with experimental verification of material properties. Current trends in mass transport clearly favour zero-emission technologies. The European Union is undertaking an intensive effort to support low-carbon strategies, most notably in urban areas. According to plans, one half of municipal mass transport vehicles will be propelled by technologies other than the combustion engine by 2030. Electric propulsion is the most energy-efficient and environmentally-sound option, taking into account both the local effects and the electricity generation. The electric operated bus today and in the future is classified as an environmentally-friendly and energy saving transportation system; locally emission free by electric drive, low noise, gentle but also powerful during start and stop. [10] In terms of lifetime costs, electric propulsion is still more expensive than the use of combustion engines. However, electric buses and fuel cell buses have a large potential for gradual cost reduction thanks to mass production. The rapid evolution of emobility opens opportunities for both the environment and the market. Associated with the synergy between emobility and power generation is the development of the smart grid and smart city concepts. These concepts have been first framed in urban economics literature and in the ongoing urbanization trends. [2] The engineering design solutions of electric buses are largely derived from the design of conventional buses with combustion engines. However, some of their conceptual and structural elements require a radically innovative approach. In electric buses, certain problems arise which are not encountered in conventional vehicles. The passive safety of electric buses is a specific issue due to the presence of the REESS. It is a relatively heavy subsystem, the behaviour of which is not known from conventional buses where it is not present. The most accurate solution involves constructing a model of the entire bus. For instance, modelling a side collision where a road vehicle impacts the REESS location in an electric bus might be of interest. In the vehicle side crash process, thanks to the cushioning effect of the battery tank door and the bus frame, the battery system is not hit directly, which reduces the harm to the battery and protects the battery from squashing and danger. [3] Constructing a model of the entire vehicle is very demanding. It often entails a number of validation experiments. In extreme cases, performing a full-scale crash test is necessary. Therefore, the interest in smaller-scale problems becomes important. For instance, the behaviour of batteries alone upon a collision with another object (a barrier, part of another vehicle or other objects), can be studied. The purpose of such studies is to obtain a validated model of batteries usable in further calculations. Developing reliable finite element deformation and failure models of the battery for the vehicle design process is a must. [4] Another problem relates to the strength of attachment of the batteries (and the REESS). Batteries are rather heavy units with large inertial forces occurring upon a collision of the electric bus. The points of attachment of the REESS which contains such heavy batteries pose a significant safety risk. This is the topic of the present paper.
Standard Requirements for REESS Properties
The fundamental document is defined in the Regulation No. 100 Revision 2 "Uniform provisions concerning the approval of vehicles with regard to specific requirements for the electric power train" [9] . This regulation sets out the requirements for installed electrical equipment and, above all, the safety requirements for the REESS. It lists a number of technical parameters and describes methods of their testing. The regulation also defines the requirements for measuring the isolation resistance of REESS components. It deals with vibration tests which map the safety of the REESS in a vibrating environment. It also covers the safety aspects of thermal shock and cycling and prescribes a fire resistance test.
In terms of passive safety, the mechanical integrity and mechanical shock tests are of the greatest importance. The purpose of the mechanical integrity test is to explore the behaviour of the REESS under contact load which may occur during a vehicle crash. The test can be carried out on the entire REESS or on its representative part. The tested device shall be crushed between the resistance plate and the crush plate with a force in the range 100 -105 kN. The force acts with an onset time of less than 3 minutes and a hold time of at least 100 ms but not exceeding 10 s. The crush plate has three cylindrical projections with diameters of 75 mm and spacing 30 mm.
The mechanical shock test relates to the REESS under acceleration. The purpose of this test is to verify the safety performance of the REESS under inertial loads which may occur during a vehicle crash. [9] The test can be carried out on the entire REESS or on its representative part. Where only a part of the REESS is tested, the manufacturer is required to demonstrate that the test adequately represents the behaviour of the entire REESS. The tested equipment must be attached by the same means as in the vehicle structure. The test takes place at 20±10 °C. The charge level of the REESS under test must be at no less than 50 % of its capacity. All protective devices which affect the function of the REESS must be active. Acceleration pulses for the REESS test are prescribed separately for each vehicle category. During the test, the acceleration pulse must be between the prescribed maximum and minimum limits. The pulses applied in longitudinal and transverse directions differ. A separate device can be used for each pulse test.
Problem Description
The main purpose of this effort relates to the strength of the REESS upon the collision of an electric bus with a heavy barrier. Because experimental testing of the crashworthiness of the REESS is costly, its behaviour in a crash is studied using computer simulations. The present solution uses the design data for the ŠKODA Perun HE electric bus which is used in service [1] . It is an M3-category vehicle. The capacity of its batteries (Li-Pol Nickel Manganese Cobalt Oxide) is 221 kWh and its range is up to 150 km. With a 160-kW electric motor, the electric bus can reach speeds of 70 km/hr. The electrical energy is stored in three REES systems. One of them is in the front part of the electric bus (behind the driver cab) and the other two in the rear (Fig. 1) . Each REESS comprises three slidein modules with six battery units. The mass of a single REESS is 750 kg. Each REESS is attached to the vehicle structure with six M16 screws located in its bottom part and two M10 screws in its top part. At the bottom, the electric bus structure at the point of attachment of the REESS is reinforced with a metal sheet of 5 mm thickness. At the top, the REESS and the electric bus structure are attached by brackets. All parts of the electric bus are subject to gravitation and the acceleration pulse caused by the impact. The acceleration pulse acting on the REESS is clearly defined in the UN/ECE 100.2 regulation [9] . For electric buses (the M3 vehicle category), the acceleration pulse is prescribed in the form of corridors (Fig. 2) . Minimum and maximum accelerations are defined for both longitudinal and transverse directions. The test acceleration must be in this interval. For the simulations, maximum acceleration levels have been used. This is the worst-case scenario in the test. 
Simulations

Explicit FEM
The start of the development of explicit solvers dates back to 1960s. Solvers that rely on explicit and implicit FEM use different methods of time integration for solving dynamic problems. The explicit method is clearly more suitable choice for vehicle collisions, as the explicit time integration is appropriate for simulating processes involving large strains and shape changes. Generally, explicit solvers are better suited for problems with complex contact conditions. In addition, the computation is much faster, as the inversion of the stiffness matrix is bypassed. In this case, any nonlinearity is included in the nodal force levels.
The explicit code is essentially derived from Newton's second law of motion. It is a motion equation in a matrix form. This equation is defined at a particular time instant. For the equilibrium of dynamic forces to be reached, the expression below must be valid. [5] (1) Here, M is the mass matrix, and are nodal force matrices given by the external and internal resistance of the element, and stands for acceleration. This relationship can be expressed in the matrix form and defined at a particular time instant. (2) Further, is the internal stress matrix and [B] is the matrix of shape change elements. The item has been added to prevent the hourglassing effect and there is the as the contact force vector. A great advantage of the explicit method is the use of elements with a single integration point. They are well suited for large strains and their use shortens the computation time. The energy and stress of the element are only evaluated for a single integration point. However, the advantages of this method come at the cost of reduced computation stability. The result of the computation is then marked by the typical imbalance between the kinetic and the internal energy of the system. This numeric error is known as hourglassing. In the calculation, the total energy must be checked continuously. The critical limit is believed to be the increase in the hourglass energy above 5 % of the total energy of the system. Explicit code-based solvers are conditionally stable. The main aspect is the magnitude of the time step . It is related to the propagation of stress waves through the material. The critical time step can be determined from the time interval, in which the front of the stress wave passes through the element. Here, c is the velocity of propagation of the stress waves through the material, l is the characteristic dimension of the element, E is the modulus of elasticity of the material and ρ is the material density. 
Pam-Crash FEM Solver
Pam-Crash is an FEM solver which is part of the VPS (Virtual Performance Solution) software package from ESI Group. [1] The software is used for simulating impact and for assessing the safety of passengers. It is most widely used in the automotive industry. Its development dates back to 1978 and is related to the first simulations of crash tests of automobiles. It is based on the finite element method (FEM) and allows complex geometries to be modelled thanks to many available types of elements. It offers a broad range of both linear and non-linear materials, including elastic and visco-plastic materials, foams, multi-layer composites and failure and defect models. [2] With the use of explicit FEM, it is suitable for non-linear problems with large numbers of contacts. A lot of types of contacts are available here mainly with the penalty method.
Description of FEM Model
The FEM model is not intended to provide a description of the behaviour of the entire bus. The units used here include the following: mm, kg, ms, (kN, GPa). The focus is on the REESS crashworthiness and its attachment during a collision. It is clear that in order to assess the behaviour of joints, parts of the electric bus structure adjacent to them must be included in the model. It is impossible to obtain relevant description of the behaviour of the structure in the vicinity of the joint using an ideal attachment of the REES system to a rigid body. When only a portion of the electric bus body is explored, the problem can be divided into two parts. Then, the behaviour of the REESS in the front part of the vehicle (Fig. 4a) and the behaviour of the two REES systems in the rear part (Fig. 4b) can be studied separately.
The fundamental component in both models (for the front and rear parts of the electric bus) is the model of the REESS (Fig. 3b) . It was designed for the use of both longitudinal and transverse accelerations. Each REESS contains three wheeled slide-in modules made of the Ertalon 6SA material. The front part of the slide-in module (Fig. 3a) is held in place with screws while the rear part presses against stops. The wheels are included in the model as supplementary non-rotating load-carrying components but their friction coefficient value corresponds to the rolling motion. Each battery pack is an independent rigid body with a defined mass (30 kg) and moments of inertia. The batteries are held in the slide-in module by strips of the Lamplex material. The model of the entire battery box does not include the sheet metal covers. The covers are attached to the box with rivets of limited load-carrying capacity. All steel parts of the battery box (including the slide-in modules) are made of the S235 steel. Upon considering the computing time, the initial element size was set at 10 mm for all meshes. In all shell elements, five integration points across the thickness have been used. Welds are included in the model as mesh point connections. Symmetric node-to-segment contacts have been employed. The contact thickness was defined so that the clearance between the parts in contact matches the real-world conditions. There is no initial penetration in the model. A single REESS contains 48 of these contact types. The screws are ideally represented as 1D elements where subtracting the acting forces is enabled. All degrees of freedom have been removed from the outermost nodes of the structure. The structure is subject to the acceleration pulse (as shown in Fig. 2 ) and to the gravitational acceleration. 
Tests of Materials
To improve the accuracy of computation, it is desirable to measure mechanical properties of the materials. The three steels listed below have been tested. The structure of the REESS is made of the S235 material [6] . The structure of the electric bus is made of the 1.4301 material [7] with brackets of S355 [8] . As the structures of the electric bus and the battery boxes comprise many welded joints, mechanical properties of the materials upon welding should be verified as well. For this purpose, welded specimens of the three steels were made. The welding process data were provided by manufacturers of all components of interest. When the test specimens are welded, the process should be as close as possible to the real-world procedure used on the products. The welding procedures for individual materials are outlined below.
-S235, sheet thickness: 3 mm (REESS structure)
Welded according to EN 287 -1 135 P BW 1. Results of these tests (stress-strain curves) for steels without welds (Fig. 5 ) contain true stress and true strain data. On each material, the test involved four loading rates (strain rate = 0.015, 1.5, 15, 150 1/s). It is thus possible to account for work hardening during rapid deformation. Mechanical properties were measured using tension and micro-tension tests. The deformation of test pieces was recorded using a contact extensometer. Welded specimens were tested in a similar manner using the strain rates of 0.01, 0.1, 1 and 1/s. The change in mechanical properties upon welding is reflected in the difference between the stress-strain curves for materials before and after welding. Upon welding, all materials show slight embrittlement. The material affected most severely by welding is the 1.4301 steel. Its failure occurs at a lower strain level. Hence, it is advisable to define smaller permissible deformation in the weld region for evaluating the simulations.
Results of Simulation
The simulation explored the behaviour of battery boxes under acceleration in longitudinal and transverse directions. Given the positive and negative directions of acceleration, each part was studied under four kinds of load. The front part of the electric bus was stressed most severely by the transverse acceleration in the direction from within the vehicle (Fig. 6a) . The rear part was stressed most severely by longitudinal acceleration in the direction from within the vehicle (Fig. 6b) . The most severe stress always occurs in the direction where the dimension of the REESS footprint is smaller. The results indicate that stiffness is lower around the service access opening (in real-life application, this will be less severe as it is reinforced by the door). The stress in the structure peaks at 80 ms into the process. For short time intervals, peak stress levels reach almost 500 MPa (Fig. 6) . The forces transmitted by the screws do not exceed their load-carrying capacity. The increase in the total energy is less than 5 %. The structure locally exhibits plastic behaviour but no failure occurs in the structure. The most heavily stressed component of the front part of the electric bus is the top bracket holding the REESS. Here, the maximum plastic strain reaches 0.1 mm/mm at 150 ms (Fig. 7a) . The most heavily stressed component of the rear part of the electric bus is the outer bottom bracket that holds the REESS. Here, the maximum plastic strain reaches 0.125 mm/mm at 150 ms (Fig. 7b) . 
Conclusion
The models of the front and rear parts of the electric bus provide descriptions of the REESS behaviour under acceleration. Results of the simulations show that plastic behaviour only occurs locally and that the plastic strain levels are small. This suggests that a road accident of the electric bus will not cause (in the locations studied) any loss of structural integrity.
The tests provide relatively detailed descriptions of the structural materials behaviour. The evaluation takes into account the effect of higher strain rates. The strain rate under acceleration reaches up to 50 1/s. Using the computation (with and without work hardening in the material model), the effect of strain rate was assessed. The effect appears relatively mild (possibly due to small plastic deformation). The welding-induced changes in the mechanical response of the structural materials were mapped by tests of welded specimens. The presence of a weld increases the risk of brittle behaviour. It is therefore advisable to reduce the permitted deformation value in the welds.
The effect of the loading dynamics was evaluated by comparing the results of UN/ECE 100.2-based calculations (time of the onset of acceleration: 150 ms) with the results of calculations for longer acceleration pulses (time of the onset of acceleration: 2000 ms). At the slower increase in acceleration, the simulated process becomes closer to the response under static loading. When the rate of increase in acceleration is reduced, the maximum plastic strain becomes 0.069 mm/mm instead of the original 0.125 mm/mm. This effect is very significant and shows the considerably dynamic nature of the physical phenomenon in question.
